ABSTRACT Changes in nerve conduction velocity were found in 94 workers exposed to lead in a battery factory compared with 94 age-matched controls. There was no clinical evidence of nerve damage in the lead workers. The mean blood lead concentration in the 94 lead workers was [2] [3] [4] [5] [6] [7] [8] [9] ,umol/l (60 pg/100 ml) and their length of exposure to lead ranged from 6 months to 33 years.
the anterior horn cell.8-1" This has been interpreted as indicating that the neurological manifestations of lead poisoning have their origin either in the upper motor neurone" or the anterior horn cells that are the origin of the lower motor neurone.9
There are probably several reasons for this inconsistency. Firstly, choice of nerve: workers studying more than one nerve have found a gradation in effect. Though the findings are inconsistent the tendency appears to be for the peroneal nerve to be one of the least sensitive indicators of lead neuropathy.' 7 Secondly, choice of test: there is considerable evidence3 5 that conduction velocity of slower fibres (SFCV) is a more sensitive indicator of early lead neuropathy than maximum motor conduction velocity (MMCV). Thus MMCV measurements alone may be too insensitive to detect early lead neuropathy. Thirdly, variation in analysis of results: the most important difference between those studies in lead intoxication that indicate peripheral neuropathy and those that do not is the method of analysis. The former studies5-7 have compared a lead-exposed group and a control group, but in the latter8-1" results from leadexposed workers were compared with a normal range. The problem with this second method is that a normal range may extend over 20 m/s12 due to factors such as experimental error, age, and interindividual variation. A man with high or moderate initial conduction velocity may suffer a small decrease and still remain within the normal range. This is particularly important if there is no correction for age and relatively young men are tested. Interestingly, the mean MMCV values of the nerves of lead workers tested by Seppalainen et a15 7 were all within the "normal" ranges'2 even though they were statistically significantly lower than those of the control group.
In this study consideration of these factors led to a protocol that included examination of all commonly tested nerves, inclusion of an indicator of SFCV (percentage amplitude), and the use of a large sample with age-matched controls.
Methods
Ninety-four exposed men from a battery factory were tested. Their length of exposure varied from 6 months to 33 years (35 had been exposed for less than 10 years; 45 for 10 to 20 years, and 14 for more than 20 years). Because they worked in different areas of the factory exposure to lead ranged from light-for instance, automotive battery assembly-to heavy-for instance, lead mill, lead recovery, and pasting. Age-matched controls (matched to within one year with the lead workers) were taken from the administrative areas of the battery factory and from Ashby a nearby power station, and included both manual and office workers.
Analysis of blood and urine specimens and of measurements from neurophysiological recordings were performed on numbered samples so as to exclude observer bias. For 
MEASUREMENTS OF MMCV
MMCV of the ulnar, median, radial, and peroneal nerves was measured by the method of Hodes et al. 18 The ulnar and median nerves were stimulated at the elbow and the wrist, and the muscle action potential was recorded from the abductor digiti minimi muscle and opponens pollicis muscle respectively. The radial nerve was stimulated at the axilla and mid-upper arm and the muscle action potential recorded from the brachioradialis. The peroneal nerve was stimulated at the knee and ankle, and the muscle action potential was recorded from the extensor digitorum brevis muscle.
Bipolar skin stimulation electrodes were used in all measurements of MMCV. Muscle action potentials were recorded using an active disc electrode over the belly of the recording muscle and a reference electrode over the tendon of the recording muscle. An earth electrode was strapped between the stimulating and recording electrodes. Recording electrodes were never touched between proximal and distal stimulations. Two traces were taken from each stimulation site. Voltage was always 30 % supramaximal, as estimated by eye from the oscilloscope trace, before permanent records were taken. Stimuli of 0-1 m/s to 0 5 m/s duration and 100-300 V intensity were delivered at 1 Hz. Gain and sweep speed were adjusted so that the largest possible complete action potential could be recorded.
Only identically shaped potentials at proximal and distal stimulation sites were accepted. The high and low frequency filters were set to 6 kHz and 50 Hz respectively so that the signal included the range of the muscle action potentials but screened high and low frequency interference.
Ulnar maximum sensory nerve conduction velocity was measured from wrist to elbow by stimulating the fifth (little) finger with ring skin electrodes. The evoked nerve action potential was recorded at the wrist and the elbow along the path of the nerve, as determined during motor stimulation. A computer averager (AM6 CAT) was used for a minimum of 10 sweeps to help identify the nerve action potential. When necessary, additional sweeps were used. All MSCV measurements were averaged in this way as results from averaged and superimposed or single response measurements may differ.19 Stimuli of 0-1 m/s duration and 100-300 V intensity were delivered at 2 Hz. Bandwidth was set at 16 Hz to 3-2 kHz. Voltage was 30% supramaximal.
MEASUREMENT OF SFCV
Gilliat et a120 found that nerve damage in some subjects was indicated by a decrease in peroneal nerve action potential amplitude even though MMCV was normal. Poloni and Sala2l suggested that comparison of the temporal dispersions of proximally and distally produced muscle action potentials in ulnar and median nerves would give a method of measuring SFCV or, to be more precise, conduction velocity in fibres other than the fastest fibres. Amplitude will decrease proportionately with temporal dispersion. As amplitude can be measured more easily and accurately, comparison of amplitudes is used more often than temporal dispersion.
Comparison of the proximally and distally produced amplitudes is effected by expressing the amplitude of the proximally produced muscle action potential as a percentage of the amplitude of the distally produced muscle action potential. Mean ulnar MMCV was 53-4 m/s in lead workers and 55 6 m/s in control subjects (p < 0-0005); mean median MMCV was 55-9 m/s in lead wolkers and 57 3 m/s in control subjects (p < 0-01); mean radial MMCV was 63-9 m/s in lead workers and 71-7 m/s in control subjects (p < 00005); mean peroneal MMCV was 46-1 m/s in lead workers and 47-6 m/s in control subjects (p < 0 005). 
Results
A group t-test comparing all the neurophysiological tests performed on the two groups of control workers (manual and office) showed no statistically significant differences between the two groups. The mean skin temperature of the control group was consistently lower (at all four test sites) than that of the lead-exposed subjects. The greatest difference between the means of each group was 0 4°C. None of the 94 lead workers used for the final analysis had any symptoms of nerve damage or a history that would indicate the possibility of neuropathy arising from injury, disease, or exposure to noxious substances other than lead. The average blood lead at the time of testing was 2-9 ± 0 7 ,umol/l (60 ± 15 jug/100 ml).
The results of 1-tailed paired t-tests comparing neurophysiological results of lead workers and controls are given in table 1. All MMCVs measured were statistically significantly decreased in the lead workers. Mean ulnar MMCV was 53-4 m/s in lead workers and 55 6 m/s in control subjects (p < 0 0005); mean median MMCV was 55-9 m/s in lead workers and 57-3 m/s in control subjects (p < 0 01); mean radial MMCV was 63 9 m/s in lead workers and 71-7 m/s in control subjects (p < 0-0005); mean peroneal MMCV was 46-1 m/s in lead workers and 47-6 m/s in control subjects (p < 0-005). MSCV was not significantly different between the lead workers and the controls. SFCV (as indicated by percentage amplitude) was significantly decreased in the peroneal nerve of lead workers but not in the median and ulnar nerves.
A Pearson correlation was carried out between each of the biochemical indices (blood lead, haemoglobin, ALA-D, free erythrocyte protoporphyrin, urine lead, corrected urine lead, urinary ALA) and each of the neurophysiological measurements. The only statistically significant correlation (p < 0 05) was a positive correlation between blood lead and ulnar MMCV (table 2) indicating, unexpectedly, a faster nerve conduction velocity with higher blood leads.
The possibility that biochemical changes decreased with increasing age because men were moved to lighter-that is, less lead-exposed-jobs was tested using a Pearson correlation, as such an association might have obscured any relationship between biochemical and neurophysiological parameters. There was, however, no significant correlation between any of the biochemical measurements and age.
As both conduction velocity and length of exposure are associated with age, multiple regression analysis was carried out to determine the contribution of length of exposure in predicting conduction velocity in lead workers (table 3) . Those results indicate that length of exposure to lead contributes significantly (p < 0 05) in the prediction of ulnar MMCV; increased length of exposure being associated with decreased MMCV. Length of exposure, however, made no significant contribution to prediction of the other conduction velocities affected by lead. One-tailed paired t-tests were carried out to determine the minimum length of exposure that would produce statistically significant reduction in nerve conduction velocity in lead workers. Thirteen men had been exposed to lead for less than two years, of whom five had been exposed for less than one year. There was no significant reduction in conduction velocity in the five men exposed to lead for one year or less. Significant decreases in ulnar, radial, and peroneal MMCV, and peroneal percentage amplitude, however, were observed in the 13 men exposed to lead for two years or less (table 4). In this group of men blood lead concentration had not risen above 3 9 ,tmol/l (80 ,g/100 ml) in their three-monthly tests. The blood lead of one of these subjects was 3 9 ,umol/l (80 ,tg/100 ml) at the time of testing but on retesting one week later it was below that level. The mean blood lead concentration at the time of testing was 2-8 ± 0 8 ,umol/l (58 ± 16 ,ug/100 ml). It appears therefore that nerve damage can occur within two years of initial exposure to lead and at blood lead levels of less than 3 9 ,tmol/l (80 ,ug/100 ml).
Discussion
The absence of significant differences in conduction velocity in the group t-test comparing manual and office workers in the control group, indicates that the use of office staff in the control group did not affect the overall results.
The difference in mean skin temperature between lead workers and controls never exceeded 0 4'C, the latter having consistenly lower mean skin temperatures at all stimulation sites. Possibly this consistent difference introduces a small error. As the effect of cooling would be to decrease mean conduction velocities,2224 however, the lower conduction velocities of the lead workers cannot be attributed to the effects of temperature.
It is apparent from this study that nerve changes occur in men exposed to lead even in the absence of symptoms of neurological disturbance. This is in general agreement with the findings of other workers,3 5 7 though there are some differences in the present study. MMCV was statistically significantly lower in lead-exposed men compared with their age- No changes were observed in median and ulnar percentage amplitudes in lead workers in this study. This is in contradiction to the findings of Seppalainen et al57 who found that SFCV of the ulnar nerve measured by the antidromic blocking technique was one of the most sensitive indicators of early lead neuropathy. Probably the failure to find changes in ulnar and median SFCV in this study arises from the inappropriateness of the technique used (percentage amplitude) rather than an absence of change in the slower fibres of these nerves. Some cross-stimulation may occur in the median and ulnar nerves, that is submaximal stimulation of the ulnar nerve during testing of the median nerve due to spread of current when using the high voltages necessary with skin stimulation electrodes. This could obscure changes in amplitude.
Only one of the Pearson correlations between biochemical and neurophysiological measurements was statistically significant. The unexpected positive Ashby correlation between blood lead and ulnar MMCV (table 2) is not compatible with the basic observation of this study and of Seppalainen et at5 7 that MMCV is lower in lead-exposed subjects than in controls. There was a possibility that the effect of age was interfering with the relationship between biochemical and nerve change because conduction velocity decreases with increasing age.19 [25] [26] [27] [28] In the survey factory older men tend to be removed from jobs with very heavy exposure to lead so that with increasing age biochemical measurements move closer to normal values. For these reasons decreased conduction velocity might appear to be associated with, for example, decreased blood lead concentrations. There was no significant correlation, however, between age and any of the biochemical measurements (table 3) . Possibly some interaction with age has occurred or some other unconsidered variable has produced this anomalous result. Alternatively, this result may be due to chance (rejecting the null hypothesis of no association when it is true) as at the 5 % significance level this size of correlation coefficient will occur by chance one in 20 times, and altogether 35 correlations were performed.
The lack of correlation between nerve changes and biochemical indices in lead workers observed in this survey has been noted many times before. 2-5 729 There are some reports, however, of a relationship between biochemical and neurophysiological changes during exposure to lead. Thus Sessa et alt observed that decreased ulnar MMCV was paralleled by increased free erythrocyte protoporphyrins and Catton et al3 noted an association between nerve changes and anaemia, though this was not tested statistically. In the present study there is no evidence of a relationship between nerve change and either free erythrocyte protoporphyrin levels or haemoglobin concentrations.
The correlation between ulnar MMCV and length of exposure to lead supports the finding of Lane and Lewy,29 who noted that the greater the length of exposure to lead the greater were the neurophysiological changes (in chronaxie and rheobase). The fact, however, that this association was found only in one of the affected nerves in the present study (table 3) indicates that although length of exposure may be one of the factors determining the degree of nerve damage, there are other factors.
Possibly inter-individual variation in nerve conduction velocity of men, which has been calculated to be up to 4-5 m/s30 (standard error of the estimate from a regression line of the median nerve MMCV on age) is so great that any relationship between the relatively small lead-induced changes (table 1) and, for example, the degree or length of exposure to lead is obscured. Alternatively, individual susceptibility could be the predominant factor in determining the effect of lead on nerves. This variation in individual susceptibility has been observed clinically many times, in that the same blood lead concentration may be associated with pronounced signs and symptoms in one patient and no observed illeffect in another. In animal experiments Fullerton3' also observed that the degree of nerve damage produced by equal doses of lead varied greatly in different guinea pigs, apparently indicating variation in individual susceptibility.
Having established that a subclinical neuropathy was present in the lead workers tested, it seemed possible that this was a residual neuropathy due to high levels of exposure to lead in days before stringent medical testing. More than half of the test population (59 men) had been exposed to lead for more than 10 years-that is, before determination of lead in blood in the factory was initiated in 1964. Lane and Lewy29 suggested that nerve damage produced by very long exposure to high levels of lead may never be repaired.
The small substudy carried out on lead workers exposed for two years and less is interesting because those men had been tested every three months since starting work at the factory, and their lead in blood had never risen above 3 9 ,zrmol/l (80 ,ug/l00 ml). It is clear from table 4 that even at blood lead concentrations below 3 9 ,umol/l (80 ,ug/100 ml) nerve changes occur. The mean blood lead of the 13 men at the time of testing was 2-8 ± 0 8 ,umol/l (58 ± 16,ug/100 ml), so although residual neuropathy may explain the overall results, this substudy indicates that nerve changes occur at blood lead concentrations of less than [3] [4] [5] [6] [7] [8] [9] ,umol/l (80 ,ug/100 ml) and also that the onset of neurophysiological changes follows relatively rapidly after exposure to lead.
This study did not clarify the site of action of lead in the nervous system except to confirm that there is lower motor neurone involvement. The possibility of upper motor neurone" or muscle32 33 involvement has not been excluded, and the possibility of a multifactorial aetiology of lead neuropathy remains. The action of lead on the lower motor neurone is not clear. Despite the observation that considerably reduced conduction velocity in guinea pigs is associated with segmental demyelination and not with axonal degeneration3' the fact that decreased conduction velocity is found in this study does not preclude axonal degeneration. Theoretically, axonal degeneration could spread sufficiently to produce decreased conduction velocity in chronic lead exposure as opposed to the acute animal experiments of Fullerton.31 Histological evidence points to axonal degeneration as the major effect of lead on the lower motor neurone in man. [34] [35] [36] The occurrence in the past of wrist drop as the most common neurological manifestation of lead poisoning has tended to suggest that the radial nerve is affected more than other motor nerves. It is difficult to understand on what basis there could be a differential effect, though one possibility is that the initial change is a functional rather than structural one, as postulated by Norris et a137 as the basis for the decrease in conduction velocity in old age. Alternatively, perhaps the wrist extensors served by the radial nerve may be good indicators of what is in fact a generalised motor neuropathy as they are relatively small, weak muscles but often used.
It is not clear from the findings of this study if there is a selective action of lead on particular motor nerves. Straightforward comparison between the nerves is not valid because the co-efficient of variation will vary between nerves particularly as different techniques-for example, caliper and tape measurements-were used for different nerves.
